NO 2 molecular tagging velocimetry ͑MTV͒ is demonstrated at repetition rates as high as 500 kHz in a laboratory scale Mach 5 wind tunnel. A pulse burst laser and a home built optical parametric oscillator system were used to simultaneously generate the required 355 and 226 nm wavelengths for NO 2 photodissociation ͑tagging͒ and NO planar laser induced fluorescence imaging ͑interrogation͒, respectively. NO 2 MTV images were obtained both in front and behind the characteristic bow shock from a 5 mm diameter cylinder. From Gaussian curve fitting, an average free stream flow velocity of 719 m/s was obtained. Absolute statistical precision in velocity of ϳ11.5 m / s was determined, corresponding to relative precision of 1.6%-5%, depending upon the region of the flow probed. In recent years a large number of Lagrangian-based optical velocimetry techniques have been developed which are known, collectively, as either flow tagging velocimetry ͑FTV͒ or molecular tagging velocimetry ͑MTV͒. In either case the method is based on use of an optical resonance to "tag" a pattern into a flow. After suitable time delay, the displacement of the initially "tagged" fluid volume is "interrogated" using optical imaging, either planar laser induced fluorescence from a second resonant excitation, or, in the case of tracer molecules with sufficiently long radiative lifetime, spontaneous emission. Since the inception of the Raman excitation+ laser induced electronic fluorescence method in the late 1980s ͑Ref. 1͒ a number of double resonance approaches have been demonstrated in gas phase flows including techniques based on photodissociation of water vapor, forming OH, 2,3 and photochemical formation of ozone 4 and NO. 5 Examples of single resonance fluorescent/ phosphorescent tracers include biacetyl, 6,7 acetone, 8 and for hypersonic flows, NO.
NO 2 molecular tagging velocimetry ͑MTV͒ is demonstrated at repetition rates as high as 500 kHz in a laboratory scale Mach 5 wind tunnel. A pulse burst laser and a home built optical parametric oscillator system were used to simultaneously generate the required 355 and 226 nm wavelengths for NO 2 photodissociation ͑tagging͒ and NO planar laser induced fluorescence imaging ͑interrogation͒, respectively. NO 2 MTV images were obtained both in front and behind the characteristic bow shock from a 5 mm diameter cylinder. From Gaussian curve fitting, an average free stream flow velocity of 719 m/s was obtained. Absolute statistical precision in velocity of ϳ11.5 m / s was determined, corresponding to relative precision of 1.6%-5%, depending upon the region of the flow probed. In recent years a large number of Lagrangian-based optical velocimetry techniques have been developed which are known, collectively, as either flow tagging velocimetry ͑FTV͒ or molecular tagging velocimetry ͑MTV͒. In either case the method is based on use of an optical resonance to "tag" a pattern into a flow. After suitable time delay, the displacement of the initially "tagged" fluid volume is "interrogated" using optical imaging, either planar laser induced fluorescence from a second resonant excitation, or, in the case of tracer molecules with sufficiently long radiative lifetime, spontaneous emission. Since the inception of the Raman excitation+ laser induced electronic fluorescence method in the late 1980s ͑Ref. 1͒ a number of double resonance approaches have been demonstrated in gas phase flows including techniques based on photodissociation of water vapor, forming OH, 2,3 and photochemical formation of ozone 4 and NO. 5 Examples of single resonance fluorescent/ phosphorescent tracers include biacetyl, 6, 7 acetone, 8 and for hypersonic flows, NO. 9 However, due to limitations of available laser technology, all reported FTV/MTV measurements have been performed at frame rates of 10 Hz, corresponding to the repetition rate of typical Q-switched laser sources. In this paper we present the extension of the NO 2 MTV approach to frame rates as high as 500 kHz using the "burst" mode imaging approach.
A particularly attractive tagging approach for application to high speed-low density flows is the NO 2 photodissociation method, first reported by Orlemann et al., 10 in which NO 2 is photodissociated ͑with near unity quantum yield͒ by absorption of a single photon at 355 nm.
The NO formed is subsequently interrogated by ordinary NO planar laser induced fluorescence ͑PLIF͒ imaging using the A 2 ⌺͑vЈ =0͒ ← X 2 ⌸ 1/2 ͑vЉ =0͒ transition in the vicinity of 226 nm, 11 although as recently demonstrated by Hsu, 12 the interrogation step can also be performed using nascent NO formed in the vЉ = 1 level of the ground electronic state. NO 2 MTV has several advantages that make it an ideal choice for low density supersonic flows. First, since the photodissociation is extremely efficient, signal levels are quite large, of comparable magnitude to ordinary NO PLIF imaging using ϳ1% seeding. Second, at low density the tagged NO exists essentially indefinitely ͑ϳmilliseconds at 0.1 amagat, limited by NO+ O recombination͒. Finally, since the tagging is performed via a strong single photon resonance, relatively low pulse energies are required ͑ϳ10 mJ for a single line͒, enabling data to be collected near window and wall surfaces, and/or, with typical Nd:yttrium aluminum garnet ͑YAG͒ lasers, enabling grid patterns to be written with relative ease. For example, Hsu et al. 13 have recently reported twodimensional NO 2 MTV velocimetry, using a grid of ϳ15 ϫ 25 individual lines, in a highly underexpanded jet flow with static pressure as low as approximately 10 Torr.
In this letter, proof-of-concept 500 kHz measurements are demonstrated in a laboratory scale Mach 5 supersonic wind tunnel, with stagnation pressure of approximately 370 Torr and NO 2 seed fraction of approximately 1%. Images of comparable quality to recently reported NO PLIF imaging in a Mach 10 hypersonic wind tunnel 14 are obtained. The burst mode laser system used in this work has been described in detail previously. 15, 16 Very briefly, it consists of a continuous-wave Nd:YAG master oscillator, an electrooptic pulse slicer, and a series of flashlamp-pumped Nd:YAG amplifiers. A carbon disulfide ͑CS 2 ͒ stimulated Brillouin scattering phase conjugate mirror ͑PCM͒ is located between amplifiers 3 and 4. As described in Ref. 15 the PCM serves to reduce a low intensity pedestal which is otherwise superimposed upon the burst train output, as well as to provide isolation between amplification stages, which result in greatly reduced amplified spontaneous emission. Using standard lithium triborate ͑LiB 3 O 5 ͒ nonlinear crystals, the third harmonic ͑355 nm͒ output of the pulse train is used to pump an optical parametric oscillator ͑OPO͒, which provides tunable output in the near infrared ͑600-900 nm͒ range, which is subsequently mixed with residual from the 355 nm OPO pump resulting in pulse burst trains in the vicinity of 226 nm, which is used for the NO PLIF "interrogation" step. Starting with individual pulse energies of ϳ100 mJ at 1064 nm, the a͒ Author to whom correspondence should be addressed. Electronic mail: lempert.1@osu.edu. resulting individual pulse energy at 226 nm is ϳ0.3 mJ. While narrow spectral linewidth ͑ϳ300 MHz͒ has been demonstrated and utilized in the past ͑via injection seeding of the OPO͒, for this work the NO PLIF imaging was performed near the NO gamma band spectral bandhead, using broad-band ͑ϳ0.1 nm͒ output. Residual 355 nm output ͑ϳ5 mJ/ pulse͒ from the uv mixing step is used for tagging a single line. Trains of ϳ10-20 pulses, with interpulse spacing as short as 2 s ͑500 kHz͒, were utilized. The pulse widths for both the tag and interrogation laser pulses are ϳ10 ns. As in previously reported NO PLIF imaging, 14, 16 MTV sequences are captured using a Princeton Scientific Instruments ͑New Jersey͒ PSI-IV framing intensified chargecoupled device camera with 160ϫ 160 pixel format and a Nikon, ͑New York͒ 105 mm focal length F / 4.5 uv lens.
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Measurements were performed in a laboratory scale Mach 5 wind tunnel, as illustrated in Fig. 1 . The rectangular Mach 5 test section has dimensions 46 mm͑height͒ ϫ 40 mm span. A 5 mm diameter quartz cylinder, which spans the entire test section span, is located ϳ14.5 cm downstream from the nozzle throat, producing a characteristic bow shock. The nozzle Mach number is 5.0, confirmed by wall static pressure measurements. For the measurements reported in this work the facility was operated with stagnation pressure and temperature of 370 Torr and 300 K, respectively, corresponding to a Mach 5.0 free stream static pressure and temperature of ϳ0.7 Torr ͑92 Pa͒ and 50 K, respectively. Measurements were performed in both dry N 2 and bottled dry air, with NO 2 seeding of ϳ1% in either case. The NO fluorescence lifetime is ϳ200 ns and an intensifier gate width of 100 ns was employed to interrogate the images. The 226 nm interrogation beam is formed into a sheet and input into the test section with the combination of a 25 mm cylindrical lens and a 100 mm spherical lens. The 355 nm tagging beam is focused on the centerline of the test section using a 100 mm focal length spherical lens. Figure 2 shows a single NO PLIF flow visualization image ͑top left͒, along with a time sequence of 11 MTV images obtained with a single pulse burst at 2 s pulse separation. The test gas is 1% NO 2 seeded pure N 2 , and flow direction is from left to right. The spatial scale is given in pixel units, with total field-of-view ϳ15 mm͑height͒ ϫ 15 mm ͑flow axis or ϳ95 m per pixel͒. As illustrated in the image sequence shown in Fig. 1 , the NO 2 tagging beam propagates through the test section from top to bottom, with tagging location approximately 5 mm upstream from the cylindrical rod. The NO PLIF interrogation sheet is incident from the bottom. The bow shock is clearly visualized in the upper left NO PLIF image, as is the shadow cast by the quartz rod. The bright vertical line of NO PLIF intensity that can be seen in the center of the "shadow" is the result of focusing of the NO PLIF interrogation sheet by the transparent rod.
The MTV burst sequence shown in Fig. 2 consists of a series of 355 nm ͑tag͒ and 226 nm ͑interrogate͒ pulse pairs, separated by ϳ5 ns ͑achieved with a simple optical delay line͒. This tag/interrogate pulse pair is repeated with a repetition rate of 500 kHz, resulting in a "time line" of displaced MTV images. For example, the first MTV image ͑second from left on top line of Fig. 2͒ shows the "initial" tagged fluid element ͑actually obtained 5 ns after tagging͒. The next image shows the displacement of the initial tagged fluid element, 2 s after tagging, as well as the fluid tagged from the second pulse in the 500 kHz burst. The third image is analogous to the second, showing the first three tagged lines. The fourth image, obtained 6 s after the initial fluid element is tagged, shows the influence of the bow shock on the fluid velocity. In particular the large drop in velocity behind the shock, leading to curvature of the interrogated line segment and fluid compression, is clearly observed. From Fig. 2 , a free stream velocity of ϳ719 m / s is obtained by simple Gaussian curve fitting ͑displacement of ϳ1.44 mm in 2 s͒, as will be described in more detail below. 500 kHz pulse burst NO 2 MTV image sequences were also obtained in the wake region of the cylinder, an example of which is shown in Fig. 3 ͑b1͒. In addition, MTV imaging was performed with 1% NO 2 seeded dry air as the test gas. The MTV line intensity is observed to be reduced by a factor of approximately 50%, due to oxygen quenching.
Quantitative velocity profiles are obtained from the raw gray scale MTV images using a MATLAB-based least-squares fitting routine, similar to that used in our earlier acetonebased MTV work. 8 The procedure, and illustrative results, are illustrated in Fig. 3 . First the image data are transformed into a set of horizontal "slices" of intensity as a function of vertical pixel number. Each horizontal slice is then leastsquares fit to a set of n assumed Gaussian spatial intensity distributions, where n corresponds to the number of interrogated lines in each image. Figure 3 ͑a2͒ and ͑b2͒ show the 221103-2 Jiang, Nishihara, and Lempert Appl. Phys. Lett. 97, 221103 ͑2010͒ peak position of gray scale intensity, returned by the leastsquares fitting procedure for the raw NO 2 MTV images shown in Fig. 3 ͑a1͒ and ͑b1͒. The corresponding local flow velocity profile ͑component parallel to the principal flow axis͒ is shown in Fig. 3 ͑a3͒ and ͑b3͒ , plotted to the closest intense-pixel. The measured average free stream flow velocity is 719.2 m/s, compared to the isentropic value of 709.4 m/s. The statistical uncertainty ͑2͒ for an individual measurement location along a vertical tagged line is 11.5 m/s, which was determined by taking the rms uncertainties in the center of gray scale intensity returned by the least-squares fitting routine for the first pair of spatial "peaks," at the flow centerline location. These values were equal to 0.039 and 0.116 pixels, respectively, for the left and right lines in Fig.  2͑c͒ , corresponding to spatial displacement uncertainty of 11.5 m ͑1͒, in the elapsed 2 s interval between tag and interrogate. The flow velocity is significantly lower, ϳ120 m / s, directly behind the shock wave. In the wake region the flow accelerates, to speeds as high as ϳ550-575 m / s in the region where MTV data were obtained, although the uncertainty is significantly higher due to the lower fluorescence intensity. For the four vertical MTV profiles shown in Fig. 3 ͑a3͒, the statistical uncertainty of the center of gray scale intensity for individual horizontal "slices" varied between 0.04 and 0.11 pixels. The corresponding 2 experimental precision in flow velocities is 4-16 m/s, with the less precise data being that downstream of the shock. In conclusion, NO 2 MTV at repetition rates as high as 500 kHz is demonstrated in a Mach 5 wind tunnel, with free stream static pressure of ϳ0.7 Torr ͑ϳ92 Pa͒. A pulse burst laser and a home built OPO system were used to generate the required 355 and 226 nm for NO 2 photodissociation "tagging" step, and for NO PLIF interrogation step, respectively. Proof-of-concept NO 2 MTV image sequences, obtained from a single burst of the laser system, were obtained both in front and behind the shock produced by a 5 mm cylinder. The test gas was 1% NO 2 seeded dry nitrogen. By using least-squares curve fitting-based image processing, the realizable precision ͑2͒ at a single measurement location in the free stream is found to be ϳ11.5 m / s, corresponding to ϳ1.6% of the mean velocity of 719 m/s. In the lower density wake region of the flow the realizable precision was found to be ϳ16.3 m / s, corresponding to ϳ2.5% of the typical flow speed of ϳ650 m / s. 
